The impedance budget of the Fermilab Main Injector (MI) is estimated, which includes the contributions from the resistive walls, bellows, rf cavities, steps, Lambertsons, etc. Beam stability during ramping and bunch coalescence is analyzed. The transverse resistive-wall coupled bunch growth is found to be somewhat worse than the situation in the Main Ring (MR).
IMPEDANCE AND STABILITY
One of the important considerations in the design of the Main Injector is the beam coupling impedances in the vacuum chamber and the stability of the beam. Along with the higher intensities comes the possibility of instabilities which lead to growth in beam emittances and/or the loss of beam. This paper--makes estimations of the various impedances and instability thresholds based on calculations and measurements. The Main Injector has a mean radius of R = 528.30 m. Its duty is to accelerate a total of 3 x 1013 protons in h = 588 rf buckets from the injection energy of 8.9 GeV to the extraction energy of 120 or 150 GeV. The threshold for microwave instability has been estimated [l] to be Zll/n > 20 R.
A. Resistive Wall
The shape of the Main Injector beampipe is approximately elliptical with a full width of 4.84 inches and a full height of 2.09 inches. The beampipe is stainless steel, has a thickness of 1.2 mm, and a resistivity of p = 74 pR-cm.
Using the circular approximation [2] to the MI beampipe with a radius of 1.05 in, we get the results listed in Table 1 . The results are expressed as a function of the revolution harmonic number n for both high and low frequencies. We also approximate the beampipe to the rectangular shape with full height and width of h = 2.09 in by w = 4.84 in.
The results can be expressed Table 1 : Resistive wall impedance as a function of revolution harmonic n for circular beam pipe with radius b = 1.05 in. Results are given for frequencies where the skin depth is less (greater) than the thickness of the beampipe n > n, (n < n,) where n, = 1.44.
factor times the circular result with radius b = h/2. The form factors are found to be FII = 0.989, FI, = 0.404, and F l y = 0.822. We see that except for the horizontal case, the circular approximation is fairly good.
The most important effect of the resistive wall instability is the transverse coupled bunch instability. Since The growth time of the resistive wall impedance at 8 Gev is then 0.32 msec which is very fast. This is, however, only a bare-bone estimate. Octupoles can cause a tuneshift which is a significant way to lower the growth. Also, with a positive vertical chromaticity, there is a suppressing form factor in the growth formula.
We make a comparison of the growth rate with the calculated value of the Main Ring. Using a current in the Main Ring of 0.115 Amp and a transverse impedance of 97.7 MR/m, the calculated growth rate is 0.65 msec. However, experience has shown that with the higher multipole configuration in the Main Ring lattice, the operation chromaticities, together with the dampers, the Main Ring can operate at this intensity without problem. We therefore expect the present Main Ring dampers (or ones with a higher gain) to be sufficient to damp the transverse resistive wall instability in the Main Injector.
B. space Charge
For the space charge impedance estimation, we make estimates based on beampipes with circular and rectangular cross sections. The circular cross section results are well known while those for the rectangular case come from conformal mapping techniques [3] .
Using the formula for the circular and rectangular cross sections, the space charge impedance was calculated at 8 Gev for a beam with a total 3 x 1013 particles and 30n mm-mr 95% normalized emittance. With @,,,in = 10m, this corresponds to a cylindrical beam with a radius of a = 5.6 mm. The results are shown in Table 2 . The space charge impedance is important in contributing to the negative-" instability at transition and for mismatch of the equilibrium bunch length before and after transition. These issues are not considered in this paper. We are also interested in the coherent and incoherent tune shifts due to the electric image charges in a rectangu- Since the Main Injector RF cavities will be transferred from the Main Ring, previous measurements of the cavities can be used for the estimation of the longitudinal impedance. The measurements on the cavities were made using a stretched wire technique [4] and the results are shown in Table 3 . The mode at 128 MHz has limited Main Ring performance in the past so a mode damper was designed and installed [5] .
We calculate the coupled bunch growth times due to the RF cavities. The nominal parameters for the Main injector are: particles per bunch is 6 x 1OIo, the RF voltage is 400 kV, and the bunch area is 0.25 eV-s. As a comparison, we also calculate the growth rates in the Main Ring. The growth times are given in Table 3 Also of concern is the coupled bunch instability with short batches used in coalescing since standard coupled bunch theory is not applicable to a partially filled ring. Presently in the MR there is evidence of an instability with 3 x lolo particles per bunch. Since this type of instability depends on R/Q and not on R, adding passive dampers will not remove or improve the instability. In the Main Injector there will be 6 x lo1' particles per bunch so there could be substantial difficulty with the short batch operation. The problem will likely require the development of an active damping system.
The growth times for the Main Injector are about one half of those in the Main Ring ( 
D. Beam Position Monitors (BPM)
The Main Injector BPM consists of 4 stripline pickups which are cut out of the approximately elliptical beampipe. Two pickups are located on each of the top and bottom surfaces of the beampipe and are spaced 40 mm apart from center to center. Each stripline is about 1 cm wide, t = 40 cm long, and has a characteristic impedance of Z, = 50 R. The downstream end of each stripline is shorted while the upstream end is connected in parallel with a 50 R cable which leads to the RF module.
As a bunch passea the BPM, only a tiny fraction of the image current on the beampipe is picked up by the stripline. We estimate this fraction to be f = 0.055 and then calculate the power absorbed by the striplines. Since this is the same as the power lost by the beam, we can calculate the beam impedance. For a set of four striplines, For 208 sets of BPM in the ring, Zll/n = 0.050 R below -60 MHz, then starts oscillating and rolls off. In the same way, the transverse impedances of the BPM can also be computed. They have the same frequency dependency as Zll/n. For example, the vertical impedance at low frequencies is Zly = 259 kR/m. These impedances are much lower than those of other components in the ring. This is mainly due to the relatively narrow width of the stripline pickups. Thus the BPM's are not expected to be a problem.
E. Beam Valve
Although the beam valve design is not yet completed] its general shape is known:' Using this general shape, the 3D computer code MAFIA [6] was used to find the longitudinal and transverse impedances. The beam valve is assumed to have the same resistivity as the beampipe, p = 74 pR-cm.
Calculations for the coupled bunch growth rates show that most of the beam valve modes are benign. This is mainly due to the fact that the cavity modes are at frequencies which are above the beam spectrum frequencies. All modes have a growth time greater than 50 ms except for the quadrupole mode of the 2.46 GHz mode which has a growth rate of 38 ms.
F. Bellows
The beampipe bellows will consist of approximately 10 to 17 convolutions extending over one inch. The inner dimension of the bellows is an ellipse of similar size to the beampipe and the convolutions extend 0.5 inches. To estimate the impedance the elliptical shape was approximated by a circular beampipe with radius 1.05 inches. This was done for both 10 and 17 bellows convolutions using the program TBCI [7] .
The longitudinal impedance is very similar for both the 10 and 17 bellows case. The impedance peaks at 120 R near 8.5 GHz. For 516 bellows in the Main Injector, we have a total of Z / n = 0.6552 at 8.5 GHz. At low frequencies, it is Z/n = j2.8 R. According to previous calculations this impedance is below the threshold for the Main Injector except near transition [l] .
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